ABSTRACT In order to verify more directly our earlier measurements showing that, on the average, close to four vectorial H+ are ejected per pair of electrons passing each of the three energy-conserving sites of the mitochondrial electron transport chain, direct tests of the H+/2e-ratio for sites 2 and 3 were carried out in the presence of permeant charge-compensating cations. Site 2 was examined by utilizing succinate as electron donor and ferricyanide as electron acceptor from mitochondrial cytochrome c; the directly measured H+/2e-ratio was close to 4. Energy-conserving site 3 was isolated for study with ferrocyanide or ascorbate plus tetramethylphenylenediamine as electron donors to cytochrome c and with oxygen as electron acceptor. The directly measured H+/2e-ratio for site 3 was close to 4. The H+/ATP ratio (number of vectorial H+ ejected per ATP hydrolyzed) was determined with a new method in which the steady-state rates of both H+ ejection and ATP hydrolysis were measured in the presence of K+ + valinomycin. The H+/ATP ratio was found to approach 3.0. A proton cycle for oxidative phosphorylation is proposed, in which four electrochemical H+ equivalents are ejected per pair of electrons passing each energy-conserving site; three of the H+ equivalents pass inward to derive ATP synthesis from ADP and phosphate and the fourth H+ is used to bring about the energy-requiring electrogenic expulsion of ATP'-in exchange for extramitochondrial ADP3-, via the H+/H2PO4-symporter. Earlier reports from this laboratory have provided evidence that close to 12 H+ are ejected from the matrix to the medium as a pair of electrons pass through the three energy-conserving sites of the mitochondrial respiratory chain to molecular oxygen (1-8). Thus the average H+/site ratio, the number of H+ ejected per pair of electrons per energy-conserving site, approaches 4. This value of the H+/site ratio has been observed with four different procedures (2, 3, 8, 9) and has also been observed in mitochondria isolated from different cell types (refs. 3 (18) (19) (20) have provided evidence from direct tests of site 3 that 2 H+ are ejected per pair of electrons transported' from cytochrome c to oxygen in rat liver mitochondria and in cytochrome oxidase vesicles. Moreover, Sorgato and Ferguson (21) have demonstrated that electron transport through site 3 develops a transmembrane gradient of both electric charge (A'I) and H+ (ApH) in inverted submitochondrial vesicles. Although it seems unlikely that the H+/site ratio for site 3 is intrinsically lower than that for sites 1 and 2, the question requires resolution.
ABSTRACT In order to verify more directly our earlier measurements showing that, on the average, close to four vectorial H+ are ejected per pair of electrons passing each of the three energy-conserving sites of the mitochondrial electron transport chain, direct tests of the H+/2e-ratio for sites 2 and 3 were carried out in the presence of permeant charge-compensating cations. Site 2 was examined by utilizing succinate as electron donor and ferricyanide as electron acceptor from mitochondrial cytochrome c; the directly measured H+/2e-ratio was close to 4. Energy-conserving site 3 was isolated for study with ferrocyanide or ascorbate plus tetramethylphenylenediamine as electron donors to cytochrome c and with oxygen as electron acceptor. The directly measured H+/2e-ratio for site 3 was close to 4. The H+/ATP ratio (number of vectorial H+ ejected per ATP hydrolyzed) was determined with a new method in which the steady-state rates of both H+ ejection and ATP hydrolysis were measured in the presence of K+ + valinomycin. The H+/ATP ratio was found to approach 3.0. A proton cycle for oxidative phosphorylation is proposed, in which four electrochemical H+ equivalents are ejected per pair of electrons passing each energy-conserving site; three of the H+ equivalents pass inward to derive ATP synthesis from ADP and phosphate and the fourth H+ is used to bring about the energy-requiring electrogenic expulsion of ATP'-in exchange for extramitochondrial ADP3-, via the H+/H2PO4-symporter. Earlier reports from this laboratory have provided evidence that close to 12 H+ are ejected from the matrix to the medium as a pair of electrons pass through the three energy-conserving sites of the mitochondrial respiratory chain to molecular oxygen (1) (2) (3) (4) (5) (6) (7) (8) . Thus the average H+/site ratio, the number of H+ ejected per pair of electrons per energy-conserving site, approaches 4. This value of the H+/site ratio has been observed with four different procedures (2, 3, 8, 9) and has also been observed in mitochondria isolated from different cell types (refs. 3 (13) (14) (15) (16) ; in the "loop" concept proposed in the chemosmotic hypothesis the cytochrome oxidase reaction is assumed to transport only electrons (14) (15) (16) . Papa (17) also has concluded that site 3 does not participate in H+ transport. On the other hand, Wikstrom and Saari (18) (19) (20) have provided evidence from direct tests of site 3 that 2 H+ are ejected per pair of electrons transported' from cytochrome c to oxygen in rat liver mitochondria and in cytochrome oxidase vesicles. Moreover, Sorgato and Ferguson (21) have demonstrated that electron transport through site 3 develops a transmembrane gradient of both electric charge (A'I) and H+ (ApH) in inverted submitochondrial vesicles. Although it seems unlikely that the H+/site ratio for site 3 is intrinsically lower than that for sites 1 and 2, the question requires resolution.
The second point at issue is the value of the H+/ATP ratio. The available data (4, 22, 23) indicate that the H+/ATP ratio for hydrolysis of extramitochondrial ATP is close to 2, although K+/ATP uptake ratios ranging from about 3 to as high as 7 have been reported (24, 25) . To be compatible with an average H+/site ratio of 4, the H+/ATP ratio is expected to be 3, as pointed out before (4, 5, 10) ; the fourth H+ is required to bring about the energy-requiring electrogenic exchange of ADP3-(out) for ATP4-(in), via the electroneutral H+-H2PO4-symport process (4, 26, 27 To verify such measurements, which show a H+/2e-ratio close to 4 for site 2, we have also measured the rate of the simultaneous uptake of the charge-compensating cation, by using selective electrodes. Fig. 1B shows the results of such an experiment; the ratio rate of K + uptake/rate of H + ejection is 53.9/59 = 0.91, equivalent to a K+/2e-uptake ratio of 1.82 and close to the predicted value, 2.0. This prediction follows from the established fact that succinate is dehydrogenated on the inner side of the inner membrane; the resulting H+ are delivered into the matrix compartment, where they provide charge-compensation for 2 of the 4 vectorial H+ ejected from the matrix to the medium. The loss of the other 2 vectorial H+ from the matrix is compensated for by the entry of 2 K+ from the medium via valinomycin.
H+/2e-Ratio at Site 3. Because the oxidation of succinate by molecular oxygen via sites 2 and 3 shows an H+/O ratio of 8 and because the experiment in Fig. 1 showed that site 2 tested directly has an H+/2e-ratio of 4, site 3 must, by difference, have an H+/2e-ratio of 4, rather than the value 2 proposed by Wikstrom and colleagues (18-20, 33, 34) . Shown in Fig. 2 are results from a typical experiment in which the H+/2e-ratio at site 3 was measured by a steady-state rate method. The electron donor was ferrocyanide and oxygen was electron acceptor. The rat liver mitochondria were supplemented with rotenone and antimycin A to prevent electron flow from endogenous substrates into site 3, with K+ (plus valinomycin) to serve as charge-compensating cation and with N-ethylmaleimide to suppress interfering H+ uptake via the H+-H2PO4-carrier (3, 5) . Ferrocyanide (6 mM) was added last to initiate electron flow. It was rapidly oxidized to ferricyanide, whose appearance was monitored spectrophotometrically with the wavelength pair 420/500 nm. Concurrently, H+ produced in the medium was recorded spectrophotometrically in a parallel vessel containing phenol red as indicator (measurement at the wavelength pair 560/580 nm). Both ferrocyanide oxidation and H+ ejection showed nearly linear steady state rates, indicated by italic numbers. The ratio rate of H+ ejection/rate offerrocyanide oxidation (in ng-ions or nmols per min per mg) was found to be 293/160 = 1.83, equivalent to an H+/2e-ratio of 3.66 for site 3. Control experiments showed that in the absence of ferrocyanide no significant absorption changes occurred at either wavelength. When (35, 36) ; moreover, swelling is also accompanied by an increased leak of H+. It can be prevented by replacement of most of the KC1 by the nonpermeant solute sucrose or LiCl (3, 9) . To observe maximal H+/site ratios at site 3, it is also necessary to use relatively high concentrations (6-8 mM) of ferrocyanide as electron donor compared to the relatively low concentrations (<1 mM) used by Wikstr6m (18, 19) . At ferrocyanide concentrations of 1 mM or less, we found the rate of H+ ejection to be very low, whereas at 6-8 mM ferrocyanide the rate of H+ ejection is many-fold higher. Moreover, as shown in Fig. 3 , we found the H+/2e-ratio to be about 2.0 at 1 mM ferrocyanide, increasing to close to 4 at 6 mM (see also Fig. 2) . The 20-fold higher rate of H+ ejection in the experiments with 6-8 mM ferrocyanide minimizes the negative error caused by AH+ back-decay in the initial linear phase of the test.
The H+/2-ratio of close to 4 at site 3 was verified by measurements of the uptake of the charge-compensating cation. Fig. 4 shows the results of a typical experiment in which Ca2+ uptake was measured during the oxidation of the couple ascorbate/tetramethylphenylenediamine via site 3. The ratio rate of Ca2+ uptake/rate of oxygen consumption (in ng-ions or ng-atoms per min per mg) was found to be 2.72, equivalent to 5.44 positive charges, close to the value 6 expected for site 3 under the conditions described. Four positive charges must enter to replace the 4 H+ ejected from the matrix to the medium and two additional positive charges are required to compensate for the 2 H+ absorbed from the matrix as an atom of oxygen is reduced to yield H20. Froc. Natl. Acad. Sci. USA 75 (1978) the H+/ATPOt (hydrolysis) ratio (4, 22, 23) used the ATP pulse technique (22 Of greater importance and relevance, particularly because rather similar experimental approaches were used, is the difference between the H+/2e-ratio of 2 for site 3 observed by Wikstrom and colleagues (18-20, 33, 34) and the value of close to 4 reported here. However, the considerations and data reported here, particularly those in Fig. 3 , strongly suggest that these discrepancies may be a reflection of significant differences in the precise experimental conditions used.
The measured H+/ATP ratio of close to 3.0, briefly reported earlier (5) , has been verified by data in this paper and by quantitative examination of the transport pathways and stoichiometry involved in the transmembrane movements of ATP, ADP, and phosphate during ATP hydrolysis (28) . The newer stoichiometric data may be placed into a revised "proton cycle" (Fig. 6) for the formation and utilization of energy units equivalent to the ejection of H+ coupled to electron transport and the uptake of H+coupled to ATP synthesis; this scheme is an updating of one described earlier (4) . It proposes that an electrochemical gradient equivalent to 4 H+per pair of electrons is generated by electron flow through each site. The electrochemical equivalent of 3 H+is used to bring about synthesis of ATP from ADP and phosphate in the matrix, and the fourth H+ equivalent is used to drive the electrogenic ex- The data reported here are not compatible with the original loop hypothesis of Mitchell (40) , which allows a maximum ratio of 2.0; alternative mechanisms have been suggested (5) . These findings also make unnecessary the assumption in the chemosmotic hypothesis that the allocation of respiratory energy between ATP synthesis and ATP transport is flexible, depending upon the extramitochondrial phosphorylation potential.
